The presence of sperm was observed in different organs of the reproductive tract of M. schmitti. These were the club, baffle and terminal zone of the oviducal gland, posterior portion of the uterus and in the cervix. This fact allowed for consideration not only its storage but its interaction with the female reproductive tract epithelia as well. SEM (microscopic observation studies) detected loose and sole spermatozoa in the club and baffle zones in a pregnant female. On the other hand, histochemical techniques showed sperm storage tubules of the terminal zone, which contain bundles of sperm, do not stain AB (alcian blue) or PAS (periodic acid schiff). Disintegration of some of the male gametes was observed in the posterior part of the uterus with TEM (transmission electron microscopy) studies which would indicate a first uterine sperm selection. The uterine epithelial cells involved in this process showed an important level of secretion vacuoles suggesting an interaction with sperm cells. Sperm in the cervix was found without the matrix that constitutes the spermatozeugmata formed in the male tract. Some heads of the sperm were uncurled while they were interacting with the cervical cells.
Introduction


The fate of spermatozoa within the female tract is of interest from different points of view like artificial insemination (in domestic animals and humans), to preserve DNA gametes in order to avoid extinction of species, and discover phylogenetic relationships.
Mustelus schmitti, is a small aplacental viviparous shark which distributes geografically from 22ºS, north of Rio de Janeiro (Brazil) to the south of argentinian Patagonia, 47º45'S [1] [2] [3] . The reproductive tract of this fish consists of a single left ovary, a pair of anterior oviducts, a pair of oviducal glands and paired uteri that end in a common cloaca [4] . All extant chondrichthyans have internal fertilization but develop a great variety of modes of reproduction from viviparity to oviparity [5, 6] .
The journey of spermatozoa into the reproductive tract of the females is a fact that occurs widely across all groups of vertebrates and this is of interest from a comparative point of view. The spermatozoa must interact with, and are altered by, their immediate biochemical environment and epithelial or immunocompetent cells [7] . Moreover, the male gametes are highly differentiated cells that every cellular compartment must not only be intact but must also respond appropriately to intracellular and extracellular signals [8] .
This travel through the female tract leads to two phenomena wide spread along the whole spectrum of animals, vertebrates or invertebrates: sperm storage and multiple paternity.
Sperm storage consists in keeping the male gametes in a female reservoir in order to be ready for fertilization when the ovulation is discontinued with the mating or the chances of mating are reduced
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Reproductive Tract of Mustelus schmitti 112 because of the sex segregation or other causes. Not only fish show sperm storage in special organs like oviducal glands in chondrichthyes or in ovaries like in some teleosts. Amphibians display this characteristic as well and this has been demonstrated among salamanders and caecilians. Only one frog, Ascaphus truei, with internal fertilization develops also this strategy. It is common in reptiles, birds and mammals (marsupials, bats and other eutherian mammals). As sperm storage occurs in so many diverse groups, it suggests that the adaptive advantages are considerable and for the same reason, has evolved repeatedly along the evolutionary tree [9] . If sperm storage is coupled with interspecific sperm competition and/or sperm selection from the female, it is found another factor that makes complex this scenario. It is well known that interspecific sperm competition develops as soon as the gametes are deposited in the female tract and it continues all along the way towards the fertilization. Parker et al. [10] mentioned some works of Birkhead [11, 12] , where is alluded a postcopulary sexual selection as a potent agent of evolutionary diversification, generating variation in male and female behavior, morphology, physiology and biochemistry. Sperm competition depends on many factors like ejaculate volume, sperm number, sperm form, swimming speed, seminal plasma biochemistry and a varied complex interaction between the different ejaculates from competing males and finally, the interactions between each male and female in which the ejaculates compete [10] . Multiple paternity is derived from the multiple copulations that a female can make with diverse males of the same species and different spermatozoa belonging to those various males are able to fertilize many ova, giving siblings originated from more than one father. This strategy is developed by nature in a wide range of groups of vertebrates and is suggested as a mechanism by which populations may maximize genetic variability and is powerful on the direction of many evolutionary processes [13] [14] [15] [16] . Multiple paternity is extremely common across fish group which is directly associated to parental care and mate choice [15] .
Once the sperm is deposited in the female tract of M. schmitti, it has to travel along the various organs with different secretions what imply variety of milieu. The male gametes interact with female epithelial cells in different occasions. First, they arrive at the cervix, then continue within the uterus and finally are stored in the oviducal glands, before they reprogram their journey towards the oviduct where it is estimated the fertilization takes place.
The present study offers valuable data about reproductive biology in Chondrichthyans, especially in Mustelus genera to elucidate cellular mechanisms which play fundamental roles in fecundation in particular and reproduction in general.
Materials and Methods
Light Microscopy
Samples from oviducal glands and uteri were dissected, stored in Bouin overnight and then dehydrated through a series of progressively higher alcohol concentrations (70-100%). After that, they were infiltrated in paraffin and made blocks with them.
Sections of 5 µm thick were cut with a sliding microtome then affixed to glass slides. Separate sections were stained with haematoxylin and eosin, combined alcian blue and periodic acid-schiff and Masson's trichrome stain. After that, sections were mounted with Canada balsam mounting media and covered with glass microscope coverlips. Sections were photographed by a camera C7070 Olympus adapted to an Olympus BX51 light microscope.
The oviducal gland slide was scanned using a Scanner HP Scanjet 5590 L1910A and edited with Adobe Photoshop CS6.
Transmission Electron Microscopy
Tissue samples of uteri were first fixed in 2.5% 
Scanning Electron Microscopy
Tissue samples from the oviducal gland were fixed in 2.5% glutaraldehyde in 0.5 M cacodylate buffer (pH 7.4) with 12% of sucrose at 4 °C. After the fixation, samples were washed 3 times with bidistilled water during 10 min each. Then, they were dehydrated through progressively higher acetone concentrations: 1 wash with acetone 25% (10 min), 1 wash with 50% and a third wash with acetone 80%. Finally, the samples were dried by critical point method [18] and impregnated with gold before examination at a magnification of 350-7500X with the SEM (JEOL JSM 6360 LV).
Results
Sperm was detected in different parts of the reproductive tract of the female of M. schmitti. In the oviducal gland, it was found in three different zones:
club, baffle and terminal. The first two zones may indicate a transitional position while the last zone was the specifically place for storage.
Sperm storage tubules of the terminal zone in the oviducal gland were detected in mature and pregnant females. There were no histological or morphological differences between the sperm stored in mature females and that present in pregnant ones. In both cases, the tubular cells of terminal zone of the oviducal gland had no affinities to PAS or AB stains (Fig. 1a) . Using semithin sections the sperm storage tubules showed scarce secretion near the sperm (Fig.  1b) and TEM studies determined identical results (Fig.  1c) .
Within the club zone, free spermatozoa were observed in the oviducal gland of a pregnant female (Fig. 1d) . It was also observed spermatozoa in the baffle zone and in the respective tubules not attached to epithelial cells (Fig. 1d) . In this case, the females caught in December (the mating season) were non pregnant and mature.
It was detected by semithin sections of electron microscopy, an interaction between uterine cells and spermatozoa in the posterior portion of the uterus of a mature female (Fig. 2a) . The apical cells of the epithelium were highly vacuolated and some of them were released in the lumen where they interact with sperm. TEM studies of the same portion of the uterus determined a disintegration of some male gametes immersed in a matrix (Fig 2b; c) .
Recently sperm deposited were found in the cervix and specific interaction with cervical cells was observed with an uncurled head of the male gamete (Fig 3a; b) .
Discussion
The journey of the sperm through the female tract is of interest not only in fish but also in any species because elucidates what occurs in it could facilitate artificial insemination and improve knowledge in reproductive biology. Holt [19] indicates that recent schmitti and the data given in this work, it is proposed here that the fertilization occurs with the sperm kept in the terminal zone of the oviducal gland. Hamlett et al. [20] , have proposed that spermatozoa would be previously capacitated in the uterus and would start the way up to the upper region of the oviducal glands from the sperm storage tubules even while the female is still pregnant. The time spent in the terminal zone of the oviducal gland, where the sperm is kept for some time (it is not determined yet the period of time), would maintain viable the gamete in an arrest for future pregnancies. Moreover, Chiaramonte and Petovello [2] registered two females with embryos and eggs in utero simultaneously. Apparently, it is a rare fact that occurs from time to time which may be due to an overlap in pregnancies. As no samples were obtained (yet) this comment lies in the realm of speculation, but reliable accounts from experienced fishermen during the sampling campaigns may suggest a new area of research. In a well advanced stage of a pregnant female was found sperm running in the club zone and also in the baffle zone. On the other hand, many free spermatozoa were detected in the baffle zone in mature females ready for mating. These gametes were deep in the tubules what could suggest previous movements for fertilization. This last observation could lead to the idea that the baffle zone is another sperm reservoir [21, 22] . Upon considering these proposals the author suggests that the baffle zone may be a site where specific biochemical changes affect the sperm in its journey to the ova. This may be the reason why the sperm get deep into the tubules.
On the other hand, recent copulated females were caught and the sperm was interacting with the posterior uterus and cervix epithelia. This may show that the sperm first must be attached to the uterine cells where presumably suffer some changes in order to get ready for fertilization. Some authors detected sperm in the cervix [23] , and found sperm masses in the cloaca in the 60% of females collected indicating a recent mating [24] .
The attachment of the male gametes to the cervical cells in M. schmitti shows an uncurled head of the spermatozoon. As sperm rotates along their axis with little lateral tail bending [25] the straightness of the head could suggest a first selection due to the difficult in the displacement.
The male gamete needs to confront many environments since it leaves the testis.
Recent work in both freshwater and marine fish demonstrates chemical changes in the cytoplasmic membrane of the spermatozoon. In Poecilia reticulate, an ovoviviparous teleost, the spermatozoa are released in groups (spermatozeugmata) and the flagellar movements start spontaneously with the dissociation of the matrix that binds the group of gametes. This evidence shows that neither the ionic balance nor the osmolarity has effect over the hyperactivation in this species, which would suggest the existence of other mechanisms of spermatic inhibition or activation yet unknown. Tabares et al. [26] , considered that the purpose of the signal cascade is to activate cellular metabolism which gives energy to the flagellum and favors its movement towards the egg.
Minakinawa and Morisawa [27] studied the spermatozoa of viviparous shark which exhibited "little motility in nonelectrolyte solution at all concentrations examined and they moved vigorously in the NaCl or KC1 solution at the concentration of 500 mM of which osmolality is 1,000 mOsm/kg. Since shark sperm mixed with seawater from the siphon sac, and the uterus fluid exhibited osmolality of about 1,000 mOsm/kg, it is likely that the environment with both ions and osmolality isotonic to the uterus fluid is a prerequisite for the initiation of shark sperm motility, although factors triggering it are still unclear". The same authors found the concentration of glucose in the uterus fluid was 13-fold higher than that in the seminal plasma. Furthermore, the sperm motility was kept high in the uterus fluid or blood plasma containing a high concentration of glucose whereas sperm motility sharply decreased upon dilution in the media without glucose which has the same ionic composition as the uterus fluid. These results suggest that hexose, especially glucose, has some roles for the maintenance of sperm motility in the female reproductive organ. Glucose as well as fructose is considered to be energy source for sperm motility in mammals and in viviparous fishes.
Interaction of sperm with the various portions of the female reproductive tract in M. schmitti has been studied analyzing structural and histological changes in many instances.
Sperm experience structural changes during the journey towards fertilization. The findings identified through this process strengthen the hypothesis that sperm undergoes interactions with epithelia and secretions with two main objectives: 1) storage and capacitation, and 2) selection, as part of the natural processes of species preservation and variability. Both objectives appear congruent with multiple paternity findings as a viable mechanism. The oviducal gland being the optimum location for storage and the uterine cyclic modifications deserve further attention of research, specifically in the biochemical contents and physiology. This may be particularly important for the development of improvements in the biological understanding of the capacitation phenomena and sperm selection.
Conclusions
The work compiles a portion of the author's Ph.D. dissertation concentrating on findings of his research and other colleagues. In this regard, the author found the presence of sperm through the length of the female reproductive tract. Also, there is considerable presence of sperm selection in the cervix and in the posterior uterine portion. Proof of this fact might be the uncurled sperm head found in the cervical zone and the uterine sperm head disintegration. A derived investigation of this study would be to check the sperm viability inside the oviducal gland before and during the pregnancy which might show a biological strategy to consider not only in a sustainable fishery but also in reproductive studies.
